Well-defined core-shell nanoparticles (NPs) containing concave cubic Au cores and TiO 2 shells (CA@T) were synthesized in colloidal suspension. These CA@T NPs exhibit Localized Surface Plasmon Resonance (LSPR) absorption in the NIR region, which provides a unique property for utilizing the low energy range of the solar spectrum. In order to evaluate the plasmonic enhancement effect, a variety of CA@T NPs were incorporated into working electrodes of dye-sensitized solar cells (DSSCs). By adjusting the shell thickness of CA@T NPs, the plasmonic property can be tuned to achieve maximum photovoltaic improvement. Furthermore, the DSSC cells fabricated with the CA@T NPs exhibit a remarkably plasmonic assisted conversion efficiency enhancement (23.3%), compared to that (14.8%) of the reference cells assembled with spherical Au@TiO 2 core-shell (SA@T) NPs under similar conditions. Various characterizations reveal that this performance improvement is attributed to the much stronger electromagnetic field generated at the hot spots of CA@T NPs, resulting in significantly higher light harvesting and more efficient charge separation. This study also provides new insights into maximizing the plasmonic enhancement, offering great potential in other applications including light-matter interaction, photocatalytic energy conversion and new-generation solar cells.
INTRODUCTION
Localized Surface Plasmon Resonance (LSPR) arising from metal nanoparticles (NPs) enables the manipulation of light at the sub-wavelength scale, by collecting oscillated conduction electrons coupling with propagating light wave in confined volume. Metallic nanomaterials with LSPR have attracted considerable scientific interest in the development of various applications, such as Surface-Enhanced Raman Spectroscopy (SERS), 1 biosensor, 2 imaging, 3 photocatalysis, 4 and molecular electronics. 5 In recent years, LSPR of metallic nanostructures has also proven to be a promising way to further improve the performance of various solar cell configurations, e.g., silicon solar cells, 6 GaAs solar cells, 7 organic solar cells, 8 dye-sensitized solar cells (DSSCs), 9 and perovskite solar cells. 10 By proper incorporation of metallic nanomaterials into electrodes, light can be efficiently trapped or concentrated due to the LSPR, resulting in the photovoltaic enhancement. To understand the observed improvement in power conversion efficiency (PCE), a variety of theories have been postulated and summarized as follows: 1) the local near field enhancement from surface plasmon excitation enhances charge carrier generation, resulting in the increase in photocurrent; 9a,11 2) strong scattering of the plasmonic metals at surface plasmon wavelengths is able to re-direct light into a solar cell substrate; 12 3) charge separation is promoted as a result of localized electromagnetic field.
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In NPs, it is well known that the shape is as important as size in determining the plasmonic and catalytic properties of metallic NPs. To date, a number of synthetic strategies have been developed to prepare metallic NPs with various shapes, including sphere, 14 cubes, 15 octahedral, 16 rods, 17 tetrahedra, 18 bipyramids, 19 and newly emerged concave cubes. 20 In this work, we report a strategy for the synthesis of hot spot-containing concave cubic Au@TiO 2 core-shell (CA@T) NPs with precisely controlled core morphology and shell thickness using a colloidal wet-chemical approach. The hot spot-containing CA@T NPs are hypothesized to offer superior plasmonic enhancement. As discussed above, much stronger electromagnetic field is preferably induced at the sharp corners and edges of metal NPs.
Therefore, more photons will be captured by hot spot-containing metal NPs resulting in more electrons generated, as compared to the normal spherical metal NPs with smooth surface (Scheme 1). To confirm our idea and evaluate the plasmonic enhancement effect, such hot spotscontaining core-shell NPs were incorporated into the working electrodes of DSSCs. Systematic study shows that optimal shell thickness of CA@T NPs is crucial in achieving maximum photovoltaic enhancement. More importantly, plasmonic assisted conversion efficiency enhancement (23.3%) was observed in the DSSC cells with hot spots-containing CA@T NPs, compared to that (14.8%) of the reference cells incorporating spherical Au@TiO 2 core-shell (SA@T) NPs with comparable core size and shell thickness under the same testing conditions. This confirms our hypothesis and the feasibility of using new hot spot-containing CA@T NPs to maximize the plasmonic enhancement in photovoltaic devices. 
EXPERIMENTAL

Concave Cubic Au@TiO 2 Synthesis:
Concave nanocubic Au with well-defined sharp corners and edges and the spherical Au nanoparticles for comparison were synthesized using a modified colloidal wet-chemical method. 24 The well-defined CA@T NPs were synthesized according to the technique we developed previously. 25 Firstly, 500 mL of as-prepared Au nanoparticle suspension was centrifuged and washed by DI water for 3 cycles. The particles were then re-dispersed in 25 mL DI water. Afterwards, 25 mL of 50 mM thioglycolic acid was added to the solution and stirred overnight to change the functional group of the metal's surface to be preferable to hours before use. The concave cubic Au@TiO 2 core-shell NPs with four different shell thicknesses were denoted as CA@T-1, CA@T-2, CA@T-3, and CA@T-4, respectively, whist the spherical Au@TiO 2 core-shell NP was named as SA@T.
Electrode Preparation: To prepare the DSSC working electrodes, FTO substrates (2.2 mm thickness, 7-8 Ω/sq, OPV-FT022-7, OPVT-Yingkou) was cleaned with acetone and 2-propanol using an ultrasonic bath for 30 min, respectively, and then thoroughly rinsed with distilled water.
The pastes incorporating various Au@TiO 2 NPs were prepared with a modified procedure. 26 The ratio of Au@TiO 2 NPs to P25 was 0.7 wt%. The working electrode films were fabricated by the doctor-blading method using P25 pastes and P25 pastes incorporating Au@TiO 2 NPs as described in our previous work. 27 The working electrodes were then put into a muffle furnace and gradually heated at 325 °C for 5 min, at 375 °C for 5 min, at 450 °C for 15 min, and at 500 °C for 15 min. The resultant working electrodes prepared from P25 paste and P25 incorporating core-shell NPs (CA@T-1, CA@T-2, CA@T-3, CA@T-4, and SA@T) were denoted as P25, C1, C2, C3, C4, and S, respectively. Finally, all the electrodes were post-treated again with TiO 2 organic sol and annealed at 450 °C again. 28 After cooling to 80 °C, the TiO 2 films were immersed into a 0.5 mM solution of N719 dye (Dyesol) in a mixture of acetonitrile/tert-butanol (V/V=1/1) for 12-14 hours.
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Cell Fabrication: The dye-loaded working electrodes and Pt counter electrodes (OPVT-Yingkou)
were assembled into a sandwich type cell and sealed with a spacer of 60 μm thickness (OPV- To synthesize CA@T NPs, we first prepared concave cubic Au NPs using a modified method. As shown in the TEM images (Figure 1a, b) , it is clear that each face of the nanocubic Au was excavated by a square pyramid in the center. The nanocubes exhibited a darker contrast in the center than at the edges, which confirms the formation of a concave structure. The average edge length of concave nanocubes was determined to be ca. 52 nm (Figure 1b) . After functionalization of Au-cores by using thioglycolic acid, TiCl 3 precursor solution was added to form a TiO 2 layer on the surface of Au-cores in a controllable manner (see experimental section).
Representative TEM images of various CA@T NPs are shown in Figure 1(c-j) . It can be clearly seen that the cores have well-defined concave nanocubic geometry and well covered by the TiO 2 shells with increasing thickness of roughly 2, 7, 14, and 43 nm.
To better understand the hot spot effect, spherical Au NPs (S- Figure 1a , b) with smooth surfaces and comparable particle size were synthesized using previously reported method. In order to study the plasmonic property and evaluate the hot spot-effect of CA@T NPs, they have been incorporated into the working electrodes of DSSCs (see experimental section).
Reference DSSC devices were fabricated using bare P25 films. We first investigated the influence of shell thickness of CA@T NPs on the plasmonic enhancement effect in DSSCs. Table 1 for easy comparison.
The DSSC cells fabricated with pure P25 working electrodes exhibited a short-current density Obviously, the superior photovoltaic enhancement achieved is attributed to the stronger LSPR effect generated at the hot spots of CA@T-2 NPs as shown in Scheme 1. The absorption spectra of various dye-loaded working electrodes shown in Figure 4 were conducted to explore the mechanism behind the plasmonic enhancement in DSSCs. Despite the similar amount of dye-loading in all these films, the presence of CA@T NPs seems to have a noticeable effect on the dye absorption property. Compared to the pristine P25 films, the dye molecules adsorbed on P25 films incorporated with CA@T as well as SA@T NPs exhibited significantly higher loading, which is beneficial to the photocurrent increase in DSSCs. This enhancement of dye extinction could be attributed to the interaction of dye molecular dipole and enhanced electromagnetic field induced by LSPR, together with the increase of light scattering which prolonged the optical path. 9b In spite of comparable metal core size and shell thickness, the absorption of SA@T sample is considerably lower than that of hot spot-containing CA@T-2.
The trend of absorption enhancement is obviously consistent with that of photocurrent increase (Table 1) . The IPCE spectra of DSSCs fabricated with various working electrodes provide further evidence on the plasmonic enhancement effect of CA@T NPs. The IPCE can be rationalized using the following equation (1):
Wavelength (nm)
where A is the light harvesting efficiency of the dye molecules, φ inj is the electron injection efficiency, and η coll is the electron collection efficiency. As shown in Figure 5 , the improvement of the IPCE value is achieved over the whole excitation spectrum of the N719 dyes, and highly corresponds to the absorption enhancement in To further confirm the facilitated charge separation and increased electron lifetime, we investigated the decay behavior of the photoexcited carriers. Figure 7 shows the time-resolved fluorescence emission decay spectra for N719 dye loaded on cover glass coated with both pure P25 film and P25 films incorporating CA@T and SA@T NPs. Except C1, the decay kinetics of films C2, C3, C4, and S become slow, in contrast to the decay curve of pristine P25 film. In detail, the decay lifetime of carriers for pristine P25 film is ca. 12.2 ns while those of C2, C3, C4, and S increase to 15.2, 14.6, 12.4, and 13.7 ns. Nevertheless, the carrier decay lifetime for C1 reduces to 11.2 ns. This indicates that by optimizing the shell thickness, Intensity (a.u.)
Figure 7
Fluorescence emission decay spectra of the N719 dye loaded on cover glass coated with P25 film and P25 films incorporating CA@T and SA@T NPs.
plasmonic core-shell NPs could significantly promote the charge separation, thus suppressing the recombination of the photogenerated carriers and the backward transport of electrons from TiO 2 to the electrolyte. Moreover, the core-shell NPs containing hot spots are expected to maximize the photovoltaic enhancement as they can not only capture more photons but also facilitate more efficient charge separation owing to the much stronger localized electromagnetic field.
CONCLUSIONS
In summary, we have developed a strategy for the synthesis of hot spot-containing concave cubic Au@TiO 2 core-shell (CA@T) NPs with precisely controlled core morphology and shell thickness, which were subsequently incorporated to form new photoanodes in DSSCs. Our studies revealed that the hot spots play an important role in amplifying the performance improvement owing to the much stronger electromagnetic field surrounding CA@T-2 NPs. UVvis absorption together with IPCE shows the significantly higher light harvesting efficiency as the extinction rate of dye molecules increases. Furthermore, the prolonged electron lifetime is confirmed by EIS and fluorescence emission decay spectra as a result of more efficient charge separation and suppressed electron recombination. The present study of well-defined hot spotcontaining CA@T NPs provides new insights on maximizing the plasmonic-assisted efficiency enhancement, and could lead to new applications including nanoscale light-matter interaction, solar-to-chemical energy conversion and new-generation perovskite solar cells.
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